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The demand for compact, high-speed and energy-saving circuitry urges higher efficiency of spin-
tronic devices that can offer a viable alternative for the current electronics. The route towards
this goal suggests implementing two-dimensional (2D) materials that provide large spin polariza-
tion of charge current together with long-distance transfer of the spin information. Here, for the
first time, we experimentally demonstrate a large spin polarization of the graphene conductivity
(≈ 14%) arising from a strong induced exchange interaction in proximity to a 2D layered antiferro-
magnet. The strong coupling of charge and spin currents in graphene with high efficiency of spin
current generation, comparable to that of metallic ferromagnets, together with the observation of
spin-dependent Seebeck and anomalous Hall effects, all consistently confirm the magnetic nature of
graphene. The high sensitivity of spin transport in graphene to the magnetization of the outermost
layer of the adjacent interlayer antiferromagnet, also provides a tool to read out a single magnetic
sub-lattice. The first time observations of the electrical/thermal generation of spin currents by
magnetic graphene suggest it as the ultimate building block for ultra-thin magnetic memory and
sensory devices, combining gate tunable spin-dependent conductivity, long-distance spin transport
and spin-orbit coupling all in a single 2D material.
Memory technology has been revolutionized by the dis-
covery of the giant magnetoresistance (GMR) [1, 2] and
spin transfer torque (STT) effects [3, 4], employed in hard
disk drives (HDD) and magnetic random access memo-
ries (MRAM). These effects arise from the efficient cou-
pling of charge and spin currents in ferromagnetic (FM)
materials. This is a crucial aspect for the development
of magneto-electronic devices, such as spin-valves that
consist of two layers of FM materials separated by a non-
magnetic layer, where altering the relative magnetization
orientation of the FM layers results in a significant change
in resistance [5]. The design of spin-valves, however, re-
quires further innovation to reach the 2D limit in the
miniaturization process of the prospective ultra-compact
systems.
In this regard, the architecture of atomically thin
van der Waals (vdW) heterostructures not only qualifies
for the low-dimensionality but also provides exceptional
functionalities by integrating the unique properties of the
individual layers [6]. The most established building block
for the 2D vdW hybrids is graphene as it provides a high
charge carrier mobility with gate-tunability of the carrier
density, in which the absence of hyperfine interactions
and small intrinsic spin-orbit coupling (SOC) allow for
long-distance spin transport [7, 8]. If graphene is con-
sidered in combination with the 2D magnetic materials
[9, 10] in particular, it would bring the technology of
ultra-thin spin-logic devices to an ultimate stage where
the magnetic behavior of an individual atomic layer di-
rectly modulates information transfer by the spins in the
neighboring graphene layer.
The 2D nature of graphene allows for efficient mod-
ulation of its band structure and modification of its
charge and spin transport properties via the proximity
to other materials, while its high quality of charge trans-
port is preserved. By proximity effects, considerable spin-
orbit coupling (SOC) [11, 12] and exchange interaction
[13–26] can be induced in graphene which are essential
for generation and manipulation of the spins. The in-
duced spin-orbit and exchange interactions together with
the exceptionally long spin relaxation length [27] make
graphene an excellent material in the field of spintron-
ics in which a broad range of spin-dependent phenomena
can be addressed [8, 28]. Magnetized graphene is also
a perfect channel for exploration of quantum phenom-
ena in magneto-electronic devices [29, 30]. Moreover, it
is an ideal component for 2D magnetic tunnel junctions
(MTJ) where the generated spin currents by the magnetic
graphene can induce spin-transfer torque (STT) that is
applicable in 2D STT-MRAMs [31, 32].
The experimental realization of the proximity-induced
exchange interaction in graphene has been reported, mea-
suring Shubnikov de-Haas oscillations and Zeeman spin
Hall effect [13–15], anomalous Hall effect (AHE) [16, 17]
and Hanle precession of injected spins by the induced
exchange field (
#»
Bexch) [19–21]. Among them, the lat-
ter is the most unambiguous and reliable approach when
spin-sensitive Co electrodes are used to directly detect
the modulation of the spin signal by
#»
Bexch. However,
these spin transport measurements in graphene so far
have shown rather weak exchange interaction, only lead-
ing to an additional precession of the spins around the
#»
Bexch.
In this work, for the first time, we detect strong spin-
dependent conductivity in a proximity-induced magnetic
graphene, as a result of at least an order of magnitude
larger Bexch. The unambiguous direct measurement of
the spin polarization of conductance in the graphene is
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2FIG. 1. Induced magnetism in graphene by the proximity of chromium sulfide bromide (CrSBr). (a) Left: Band
structure (spin-dependent density of charge carriers (n↑ and n↓) versus energy) of graphene in proximity of CrSBr, with the
spin-splitting ∆ caused by the exchange interaction. ∆ is considered to be constant for the electron and hole states around
the neutrality point. Right: Dependence of spin polarization of graphene conductivity (PGr) on the position of Fermi energy
(EF), under assumptions of the Drude model (see SI, sec. 11). (b) Magnetization of a bulk CrSBr single crystal (MCSB) versus
external magnetic field (B), measured using SQUID magnetometry at T= 30 K along the x- and y-directions of the crystal.
MCSB is normalized to the saturation magnetization (Ms) value taken at B = 3 T. Inset: An optical micrograph of typical
CrSBr flakes, exfoliated on SiO2 substrate. The x and y directions are the CrSBr crystallographic a- and b-axes, respectively.
Scale bars in OM images: 5 µm. (c) Schematics of a three-terminal (3T) spin-valve measurement geometry, showing Gr/bulk
CrSBr heterostructure and FM electrodes (Al2O3 /Co). The red and blue arrows represent the two possible magnetization
states of the Co electrode and the corresponding spins injected into the graphene channel, considering PGr > 0. The optical
micrograph shows device D1, fabricated with a vdW stack of bilayer graphene and CrSBr (∼ 20 nm) and Al2O3 (0.8 nm)/Co
(30 nm) electrodes. (d) The sketch is the side view of the spin-valve device. The purple arrows represent the magnetization
direction of the CrSBr layers, aligned with the easy y-axis. Independent switching of the magnetization directions of CrSBr
and Co under an external magnetic field along y axis (By) leads to the unconventional spin-valve measurements in the 3T
geometry with the distinct levels of the 3T resistance R3T = V/I (also see SI, section 3). The 3T measurement is performed at
T = 4.5 K, with I = 5µA.
evidenced by active electrical and thermal generation of
spins by the magnetic graphene, irrespective of spin injec-
tion by Co electrodes. These results, accompanied with
the AHE measurements, not only give unique insight into
the magnetic nature of graphene and its spin dynamics,
but also assure its significant role in 2D spintronic and
spin caloritronic circuitry, where electrical and thermal
spin injection/detection is all possible only by graphene
itself.
We show that the adsorbate-free interface of the vdW
heterostructure of (bilayer) graphene with the 2D inter-
layer antiferromagnetic (AFM) chromium sulfide bro-
mide (CrSBr) provides the graphene channel with a
strong exchange interaction, resulting in a considerable
spin-splitting (∆) of the graphene band structure (Figure
1a). The resulting substantial difference in the density of
charge carriers (n) with spin parallel (↑) and anti-parallel
(↓) to the #»Bexch leads to the spin-dependent conductiv-
ity. The spin polarization of conductance in graphene is
expected to be efficiently tunable by shifting the position
3of the Fermi energy with a gate electric field (as proposed
in panel a) which is the basis for an all-electric spin field
effect transistors in spin-logic circuitries [33]. The use of
bilayer graphene is particularly encouraged, as it can al-
low for gate-tunability of the exchange splitting [34–36].
The appropriate choice of the 2D magnet in such vdW
heterostructures is crucial, as most of the explored 2D
magnetic materials [37] suffer from extreme instability in
air and a low temperature of magnetic transitions. Here
we tackle this major obstacle by utilizing the recently ex-
plored CrSBr 2D crystal that is an air-stable vdW semi-
conductor (bandgap ∼ 1.5 eV) with an interlayer AFM
ordering up to a relatively high Ne´el temperature of TN
≈ 132 K [38–40]. Furthermore, the antiferromagnetism
potentially promises ultra-fast operations and robustness
against external magnetic fields [41] and also is expected
to be tunable by a gate electric field [39, 42]. Mechan-
ical cleavage of the CrSBr crystal results in flakes with
a specific rectangular geometry that correlates with its
in-plane magnetic anisotropy axes (inset of Figure 1b).
The magnetization behavior of CrSBr (
# »
MCSB) measured
versus external magnetic field (B), using SQUID mag-
netometry (Figure 1b), displays a sharp modulation of
# »
MCSB when B is applied along the y-axis. This corre-
sponds to the AFM behavior with spin-flip transition (at
BM,y ∼ 0.2 T) and defines the y-direction as the in-plane
magnetic easy-axis. In contrast, along the x-direction,
# »
MCSB increases gradually with a much higher satura-
tion field (BM,x ∼ 1 T). This is a result of the gradual
canting of the anti-parallel magnetizations of the CrSBr
layers towards the x-direction which implies that it is
an in-plane magnetic hard-axis. The crystal also has an
out-of-plane magnetic anisotropy, with the z-axis as the
hardest magnetic axis (see SI, sec. 14). When graphene
is brought on top of the CrSBr flake, the magnetic be-
havior of the outermost CrSBr layer gets imprinted in the
graphene so that the magnetization of graphene (
# »
MGr) is
expected to be collinear to the magnetization of the out-
ermost layer of the CrSBr flake (the alignment of
# »
MGr
and
# »
MCSB is further discussed in SI, sec. 13). In the
vdW heterostructure the dangling bond-free surface of
CrSBr and its atomic flatness reduce corrugations and
roughness, leading to a boost in the proximity effects.
The presence of spin-dependent conductivity in
graphene is directly observed in the spin-valve design
shown in Figure 1c. Using the three-terminal (3T) ge-
ometry, the resistance is measured versus the magnetic
field By, applied along the easy axis of the Co elec-
trodes which is the same as that of the CrSBr crys-
tal. As shown in panel d, in the spin-valve heterostruc-
ture of Co/Al2O3/magnetic Gr, the relative orientation
of
# »
MGr with respect to
# »
MCo, defines the spin polariza-
tion of the injected current and therefore considerably
changes the resistance of the contact between graphene
and Co (R3T). The abrupt change in resistance, depend-
ing on the relative orientation of
# »
MGr and
# »
MCo resem-
bles the GMR effect, but with the advantage of the long-
distance spin transfer by the graphene. This would not
happen in a conventional 3T measurement with a non-
magnetic graphene, because as the spin injection changes
sign when the Co magnetization is reversed, simultane-
ously the sign of the detection is also reversed, resulting
in no magnetoresistance [43]. Therefore the observation
of the 3T spin-valve effect is only possible if the graphene
is magnetic, with spin polarization of conductance PGr.
The change in the R3T versus By is proportional to PGr
(∆R3T ∝ PGr, see SI sec. 6).
We study this spin-charge current coupling in graphene
further by measuring the pure spin current generated by
the magnetized graphene in the non-local four-terminal
(4T) geometry of Figure 2a, where the charge current
path can be fully separated from the voltage detection
circuit. The non-local resistance (Rnl = Vnl/I) is mea-
sured versus By. In an equivalent measurement on pris-
tine graphene one would observe two (non-local) resis-
tance levels associated to the parallel and anti-parallel
magnetization alignment of the injector and detector Co
electrodes [27]. In contrast, here we observe three resis-
tance levels that are only possible if the spin transport in
graphene depends on the relative orientation of
# »
MGr (or
# »
MCSB) with respect to the magnetization of the injector
# »
MCo,inj and that of the detector
# »
MCo,det electrodes. The
spin-valve measurement is performed with initial align-
ment of all three magnetic elements (injector, detector
and CrSBr) at By = −1 T. By increasing the field By
starting from 0 T, the magnetizations of the injector and
the detector electrodes switch to the opposite direction
one after the other at By < 50 mT. The third switch
(at By = 0.21 T) happens at a value of the field that is
too large to be related to the Co electrodes (considering
their geometrical anisotropy). However, it corresponds
well with switching field of the
# »
MCSB along its easy axis,
shown in the SQUID magnetometry of Figure 1b. This
observation is a direct evidence for the non-zero spin po-
larization of the graphene conductivity as a result of the
proximity-induced magnetism.
The spin polarization in the magnetized graphene is
defined as PGr = (σu − σd)/(σu + σd) with σu and σd as
conductivity for spin-up and spin-down channels, respec-
tively. Considering the spin-diffusion in the graphene
channel and solving the coupled spin-charge transport
equations, we derive (SI, sec. 6) the non-local resistance
as:
Rnl =
λRsq
2W
e−L/λ(Pinj − PGr)(Pdet − PGr)
where Pinj and Pdet are the spin polarizations of the in-
jector and detector contacts and λ, Rsq, L and W are
the spin relaxation length, square-resistance, length and
width of the graphene channel (in between the injector
and detector), respectively. We expand the above expres-
4FIG. 2. Electrical and thermal generation of spin currents in the magnetized Gr. (a) Non-local spin-valve mea-
surement; 1st harmonic non-local resistance Rnl = V/I versus By (with I = 5µA), showing three levels (L1, L2 and L3)
corresponding to the different configurations of Co injector/detector magnetization directions (
# »
MCo: black arrows) with re-
spect to that of CrSBr (
# »
MCSB: purple arrows). Inset: Schematic of the non-local measurement geometry, with C1 and C2
Co electrodes as the spin injector and detector, respectively. (b) Modulation of Rnl as a function of Bx, measured in Hanle
geometry with initial alignment of
# »
MCo of injector and detector and
# »
MCSB (corresponding to L1, L2 and L3, defined in panel a).
The asymmetry in the Hanle curves could be related to the possible few-degrees misalignment of the magnetization axes of the
Co electrodes with respect to that of CrSBr crystal and/or misalignment of B from the x-axis. Inset: Hanle curves calculated
by the spin-dependent graphene conductivity model. The best fit to the measured results is provided considering PGr ≈ 14 %
and Pinj ≈ Pdet ≈ −24 % (see SI, sec. 9). (c,d) Spin-dependent Seebeck effect; (c) 2nd harmonic spin-valve measurement of
R2ωnl = V
2ω/I2 versus By. Inset: Schematic of the non-local measurement geometry, showing temperature gradient (∇T ) in the
graphene channel due to Joule heating at the current source contacts that results in the thermal generation of spin current due
to the finite PGr. (d) Modulation of the R
2ω
nl as a function of Bx in the Hanle geometry. Inset: Theoretically calculated Hanle
curves for the 2nd harmonic signal, considering the SdSE as the spin generating mechanism (see SI, sec. 12). All measurements
are performed at T = 4.5 K.
sion for the non-local signal in order to interpret each
term.
Rnl ∝ Pinj ∗ Pdet − PGr ∗ Pdet − Pinj ∗ PGr + PGr ∗ PGr
Pinj ∗ Pdet term corresponds to a regular spin diffusion
in graphene, i.e. spin signal injected/detected via ferro-
magnetic injector/detector contacts. Pinj ∗ PGr is due to
the regular spin injection via ferromagnetic contact, but
the non-local signal is detected as charge voltage that
builds up due to spin-to-charge conversion that happens
in graphene itself. PGr ∗ Pdet corresponds to the genera-
tion of spin current in graphene itself which is detected
as a built up spin accumulation by ferromagnetic detec-
tor. Finally, PGr∗PGr corresponds to the spin signal that
is both generated and detected by graphene itself. The
presence of this term implies that in principle spin po-
larized contacts are not required in order to observe the
graphene charge-spin current coupling. However since
this term is constant versus the applied magnetic field it
might not be possible to differentiate it from a spurious
background when only non-magnetic contacts are used.
Here we estimate λ to be about 630 nm and obtain the
polarizations as PGr ≈ 14 % and Pinj ≈ Pdet ≈ −24 %
5FIG. 3. Temperature dependence of the spin signal. (a) The non-local spin-valve and Hanle measurements (with the
parallel initial configuration of
# »
MCSB,
# »
MCo,inj and
# »
MCo,det) at various temperatures. The measured spin-valve data is shifted
along the y-axis for a more clear demonstration (see SI sec. 3, for the Rnl shown without the offset). (b) Two-terminal resistance
(R2T) measured between contacts C1 and C2 versus By, at various temperatures. Inset: The gradual decay in the switching
field of CrSBr along its easy axis (BM,y) by the increase in temperature. This is consistent with the temperature dependence
of the SQUID magnetometry of CrSBr [40].
(SI, sec. 4 to 10). Having the PGr, we roughly estimate
the exchange splitting to be ∆ = 2EF ∗ PGr ∼ 20 meV
that corresponds to Bexch ∼ 170 T, assuming EF to be
the same as in device D2 (see SI, sec. 11).
The modulation of the spin signal under the magnetic
field Bx applied in plane, perpendicular to the Co and
CrSBr easy-axis, further confirms the presence of the very
large Bexch in the graphene (Figure 2b). The Bx pulls
both
# »
MCo and
# »
MCSB towards the x-axis, with saturation
fields of BCo ≈ 0.2 T and BCSB ≈ 1.3 T. We label this
experiment a Hanle measurement since the Bx is applied
perpendicular to the initial direction of the injected spins,
even though there seems to be no spin precession involved
in contrast with conventional Hanle precession measure-
ments. The Hanle curves in Figure 2b are measured after
initial alignment of the
# »
MCo and
# »
MCSB along the y-axis,
setting the magnetization configuration corresponding to
each resistance level of the spin-valve measurement (L1,
L2 and L3 in panel a). For L1, the Rnl has its maximum
value at Bx = 0 T, as the injected spins are aligned with
the
#»
Bexch. However, once the Bx pulls the
# »
MCo along the
x-direction, the strong
#»
Bexch fully randomizes the com-
ponent of the injected spins that are perpendicular to it.
At Bx = 0.2 T, the magnetization directions of contacts
are saturated along the x-axis while
#»
Bexch is still mostly
pointing along the y-axis. This yields to only a small pro-
jection of the injected spins in the direction of
#»
Bexch, thus
resulting in a considerable decay of Rnl. The increase of
Bx > 0.2 T pulls the
# »
MCSB further along the x-direction
with saturation at 1.3 T when the
# »
MCSB aligns with
# »
MCo
once again and thus Rnl retrieves its initial value. The
Hanle curves measured for the anti-parallel alignment of
# »
MCSB with respect to
# »
MCo,inj or
# »
MCo,det (corresponding
to level L2 or L3 in panel a) also show similar behavior,
but with the distinct initial value of Rnl at B= 0 T. The
overall behavior of the spin signal in the Hanle curves is
not determined by the spin-precession, but rather by the
relative orientation of the Co and graphene magnetiza-
tions. This is due to the very large Bexch which allows
for the information transfer only by the spins collinear
to the
# »
MGr. In the inset of Figure 2b (bottom left) we
show the Hanle curves derived from the analytic expres-
sion for the Rnl (SI, sec. 8) which agree well with the
experimental results.
The strong induced magnetism in graphene also leads
to the unprecedented observation of spin-dependent See-
beck effect (SdSE) [44, 45]. Due to the spin depen-
dence of the Seebeck coefficient, we can generate spin
current by having a thermal gradient in the magnetized
graphene channel. We measure the 2nd harmonic signal
that is associated with thermal effects due to Joule heat-
ing (∆T ∝ I2). Figure 2c shows that the non-local 2nd
harmonic resistance (R2ωnl = V
2ω/I2) abruptly changes
with the switch in the detector magnetization direction
(at By ∼ 50 mT) getting anti-parallel to the graphene
magnetization. The spin signal retrieves its initial value
when
# »
MCSB also switches (at ∼ 0.21 T) and gets parallel
to
# »
MCo,det again. We observe that the switch in the di-
rection of the injector magnetization at By = 35 mT does
not change the R2ωnl . This assures the thermal origin of
6FIG. 4. Anomalous Hall effect (AHE) in a Gr/CrSBr vdW heterostructure. (a) An optical micrograph and schematic
of device D2 consisting of a graphene Hall bar on SiO2, partially covered with a CrSBr flake (thickness ≈ 50 nm) with Ti(5
nm)/Au (100 nm) electrodes. Scale bar: 5 µm. The red and blue arrows represent the out-of-plane spins. (b) Left axis:
Transverse resistance Rxy = Vxy/I as a function of an out-of-plane magnetic field (Bz), measured at Vg = +35 V, with
I = 0.5µA. The dashed blue line determines the linear background attributed to ordinary Hall effect. Right axis: The non-
linear component of the Rxy, attributed to the AHE (RAHE). (c) Left axis: The magnitude of the AHE signal (defined as an
average of the maximum and minimum values of the RAHE at Bz > +4 T and < −4 T) at the various Vg, shown by the red
dots. Right axis: Longitudinal resistance (Rxx) versus back-gate voltage (Vg), shown by the black line. The measurements are
performed at T = 30 K.
the measured spin signal that is generated only by the
Joule heating of graphene at the injector contact, inde-
pendent of the injector magnetization. This is the first
observation of the thermal generation of spin accumula-
tion by a magnetized graphene, attributed to the SdSE.
In Figure 2d, we demonstrate the modulation of the SdSE
spin signal versus Bx that is measured for the magneti-
zation configurations of the injector, detector and CrSBr
(defined for L1, L2 and L3 in panel a). The modula-
tion of the spin signal versus Bx in the 2
nd harmonic is
understood considering the collinearity of the thermally
injected spins with the magnetization of graphene, con-
sistent with theoretically calculated curves shown in the
inset (also see SI, sec. 12). The similar behavior of the
2nd harmonic L1 and L2 Hanle curves further confirms
that
# »
MCo,inj has no influence on the detected signal.
The generation of the spin currents by the magne-
tized graphene should persist up to the relatively high
Ne´el temperature of CrSBr (TN ≈ 132 K). We exam-
ine this by the local and non-local spin transport mea-
surements at various temperatures (Figure 3). The de-
pendence of the spin signal on temperature reflects the
temperature-dependence of the magnetization of CrSBr
layers. The spin-valve and Hanle curves, measured non-
locally up to T= 100 K (panel a) show considerable
decay of the spin signal. Such decay is attributed to
the randomization of the magnetization of CrSBr, since
the decay is much larger than what is expected from
the temperature dependence of Co spin polarization or
spin transport in graphene on non-magnetic substrates
[8, 46]. This is further confirmed by two-terminal (2T)
measurements of Figure 3b. The considerable spin po-
larization of graphene in this system allows for detec-
tion of the large spin signal in the local 2T geometry
(measured with contact C1 and C2). As expected, each
spin-valve measurement contains three switches that are
corresponding to the magnetization switch of C1, C2 and
CrSBr. Consistent with the non-local measurements, the
size of the spin-valve switches shrink with the increase
in temperature and fully vanishes (below the noise level)
at T > 100 K. Moreover, we observe that as the tem-
perature increases, the magnetic field at which
# »
MCSB
switches along its easy axis (BM,y) shifts towards smaller
values (shown in the inset). This also indicates suppres-
sion of the induced magnetism in graphene as the tem-
perature reaches the critical value (TN), consistent with
the temperature-dependence of the SQUID magnetome-
try of CrSBr [40].
Another significant and direct consequence of the in-
duced magnetism in graphene is the emergence of the
anomalous Hall effect that is subject to the co-presence of
SOC and magnetism [47]. We assess this by interfacing a
thin exfoliated CrSBr bulk flake with a graphene Hall bar
(Figure 4a) and measuring the transverse voltage (Vxy)
as a function of the out-of-plane magnetic field (Bz) when
longitudinal current is applied. The Bz gradually pulls
7the magnetization of the outermost layer of CrSBr (and
so the magnetization of graphene) out of the 2D plane
leading to the imbalance in density of the out-of-plane
spins. The AHE introduces sizable non-linearity in the
B-dependence of the transverse resistance Rxy shown in
Figure 4b. The subtraction of the ordinary Hall effect
(linear in B) provides us with the solitary contribution of
AHE (RAHE) that saturates at Bz ∼ 4 T. The strength of
the AHE depends on the position of the Fermi-energy in
the band structure of the magnetized graphene. Figure
4c shows an increase in the AHE signal as the Fermi-
energy approaches the charge neutrality point, reaching
the maximum of RAHE ≈ 120 Ω (measured at T = 30 K)
and preserves sign for both electrons and holes. The
magnitude of the AHE signal is comparable with that
reported for graphene on YIG [16, 17]. However, note
that in this geometry (of device D2) graphene lies on
the SiO2 substrate that causes corrugations in graphene
and so reduces its interaction with the CrSBr flake that
is later transfered on top. Therefore it is expected to
have larger AHE signal, if CrSBr is used as a substrate
(similar to device D1). The observation of the AHE in
graphene/CrSBr vdW heterostructures not only confirms
the induced magnetism but also indicates enhanced SOC
in the graphene. The induced SOC allows for the emer-
gence of spin-to-charge conversion mechanisms [18], of-
fering even broader range of applications.
These findings present the air-stable graphene/CrSBr
vdW heterostructure as the excellent choice where mag-
netism, spin-orbit coupling and the long spin lifetime
are brought together in a 2D carbon lattice. Graphene
with the high sensitivity of charge and spin transport
to the magnetization of the outermost layer of the
neighboring 2D AFM CrSBr, provides a tool for study-
ing the behavior of a single magnetic sub-lattice. The
direct measurement of the spin polarized conductance
of magnetic graphene, opens the platform for its im-
plementation in the prospective 2D memory technology
with ultra-fast operation and long-distance transfer of
spin information. The unprecedented electrical and
thermal generation of spin currents by the magnetized
graphene allows for the design of magneto-electric de-
vices (such as spin-valves) without the need for magnetic
injector/detector electrodes which leads to substantial
advances in the 2D spintronics and caloritronics. These
findings not only have numerous applications, but also
have fundamental significance in realization of the
physics of magnetism in graphene and the modulation
of its spin texture.
Methods
Device Fabrication. The bilayer graphene and CrSBr
flakes are mechanically cleaved from their bulk crystals
on SiO2/Si substrates, using adhesive tapes [48]. The bi-
layer graphene flakes are identified by their optical con-
trast with respect to the substrate [49]. The thicknesses
of the flakes are verified by atomic force microscopy. De-
vice D1; Using a dry pick-up technique [50], we trans-
fer the bilayer graphene on the bulk CrSBr flake by a
Polycarbonate(PC)-PDMS stamp. The PC is removed in
chloroform, followed by annealing in Ar/H2 atmosphere
for 6 hours at 350 C. The preparation of the vdW stack
is followed by the fabrication of Al2O3 (0.9 nm)/Co(30
nm) electrodes on the vdW stack by e-beam lithography
technique (using PMMA as the e-beam resist).
Device D2 (AHE); The large area bilayer graphene
flake on the SiO2 substrate is initially etched into a
Hall-bar geometry in O2 plasma environment, using
a pre-patterned PMMA-membrane as the mask. The
etching procedure is followed by mechanical removing
of the PMMA membrane, leaving the surface of the
graphene flake residue free. The bulk CrSBr flake,
initially exfoliated on a PDMS stamp is transferred
on the etched graphene, partially covering the Hall
bar. Device fabrication is completed by the e-beam
lithography of the Ti(5 nm)/Au(100 nm) electrodes,
deposited by the e-beam evaporation of the metals in
ultra-high vacuum.
ElectricalMeasurements. The charge and spin
transport measurements are performed by using a
standard low-frequency (< 20 Hz) lock-in technique with
AC current source up to 10 µA. A Keithley source-meter
is used as the DC-voltage source for the gate. Rotatable
sample stages (separate for the in-plane and out-of-plane
measurements) are used for applying the magnetic
field by a (superconducting) magnet in all the possible
directions.
SQUIDMeasurements. The DC magnetic suscep-
tibility is measured in a Cryogenic R-700X SQUID
magnetometer. A single crystal of CrSBr is loaded in
a determined orientation with respect to the applied
magnetic field and the magnetization was measured as a
function of applied magnetic field.
CrSBr Synthesis. CrSBr single crystals are syn-
thesized using a modified chemical vapor transport
approach adapted from the original report by Beck
[51] as described in ref [40]. Disulfur dibromide and
chromium metal are added together in a 7:13 molar ratio
to a fused silica tube approximately 35 cm in length,
which is sealed under vacuum and placed in a three-zone
tube furnace. The tube is heated in a temperature
gradient (1223 to 1123 K) for 120 hours. CrSBr grows
as black, shiny flat needles along with CrBr3 and Cr2S3
as side products. CrSBr crystals are cleaned first by
washing in warm pyridine, water, and acetone, and
then by mechanical exfoliation to ensure no impurities
remained on the surface.
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